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Abstract. Spatially resolving the orbits of double-lined spectroscopic binaries pro- 
vides a way to measure the dynamical masses of the component stars. At the distances 
to the nearest star forming regions, high angular resolution techniques are required to 
resolve these short period systems. In this paper, 1 provide an overview of the few low- 
mass pre-main-sequence spectroscopic binaries that have been resolved thus far using 
long-baseline optical/infrared interferometers. I also compiled a list of known spectro- 
scopic binaries in nearby star forming regions (Taurus, Orion, Ophiuchus, Scorpius- 
Centaurus, etc.) and show that with modest improvements in the sensitivity of inter- 
ferometers with 200-300 meter baselines, we can build a significant set of pre-main 
sequence stars with precise mass determinations. This is important for validating and 
distinguishing among the theoretical calculations of evolution for young stars. 



1. Introduction 

Determining precise masses and ages of pre-main-sequence (PMS) stars is important 
for understanding how stars form and evolve over time. Different theoretical models of 
stellar evolution predict a large range of stellar masses for a given effective temperature, 
luminosity, and metallicity a t young ages. This is particularly the cas e for low-mass 
PMS stars (M < 1 Mq; e.g. ISimonll200ll : iHillenbrand & White! l2004l : iMathieu et al 



l2007h . Discrepancies between the models arise from differences in the treat ment of in- 
terior convection, atmospheric opacities, and initial conditions (e.g. AUard et alJI 19971 : 
Chabrier & Baraffd 120001 : 1 Baraffe et al.ll2003l) . Figure [T] illustrates the discrepancies 



among different evolutionary models. Measuring precise masses of young stars is re- 
quired for testing the different sets of evolutionary tracks. 

Stellar masses can be measured through the following dynamical techniques: (1) 
observations of eclipsing double-lined spectroscopic binaries where the masses and 
radii of the component stars are determined from the radial velocity variations and 
timing of the eclipse light curve (Torres summarized results from eclipsing binaries at 
this conference), (2) spatially resolving the visual orbit of a double-lined spectroscopic 
binary to determine the component stellar masses and distance to the system, (3) mea- 
suring the astrometric motion of component stars around their center of mass (e.g. the 
triple system Elias 12; Schaefer et al.il201 0), (4) mapping t he Keplerian rotation of cir- 
cumstellar disks to determine the mass of the central star dGuilloteau & Dutrev 119981 : 



ISimon et"al]|2000h . The last two techniques require an accurate parallax to scale the 



masses to the proper distance. Figure [2] shows a histogram of the current sample of 
dynamical masses of PMS stars measured using these techniques. 
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Figure 1 . Pre-main-sequence 
Ip' Antona & Mazzitelli (1997, DM), Bai'af fe et al 
(119991 PS1. .Siess et al.. (.2000. SDF), and .Yi et al 
masses of 0.2, 0.6, and 1.0 and correspond to ages from 
We indicate spectral types based on the effective temperature relations used in 
iKenvon & Hartmamil (Il995h for G8-M0 and the T-Tauri temperature scale defined 
in Luhma n et al. [ (I2OOI for M1-M7. The asterisk shows the location of an MO star 
with 0.5 Lq. 



e volutionar y tracks c omputed by 
([1998, BCAH), iPalla & StahleJ 
(I2003L Y2). The tracks are for 
1 Myr to 100 Myr. 



In this paper I focus on spatially resolving double-lined spectroscopic binaries to 
determine the masses of PMS stars. In addition to masses, a comparison of the physical 
size of the projected semi-major axis from the spectroscopic orbit (a sin / in AU) with 
the angular scale (a in mas) and inclination / from the visual orbit provide an orbital 
parallax for the system. Accurate distances are necessary for determining the abso- 
lute magnitudes and luminosities for plotting the stars on the HR diagram to compare 
with evolutionary tracks. Additionally, distances for independent syste ms will aid in 



mapping the three- dimensional structure of nearby star-forming regions (iLoinard et al. 



20081 : iTorres etaDl2009.) . The distribution of masses, mass ratios, and orbital parame 



ters of PMS binaries across a variety of star forming regions will help te st theories of 
binary star formation (iBallesteros-Paredes et al.ll2007l : lBonnell et al.ll2007l) . 



2. Interferometric Observations of Young Binary Stars 

Double-lined spectroscopic binaries tend to sample short-period systems (P < 10 years, 
corresponding to velocity amplitudes < 5-10 km/s). For a circular binary with equal 
mass components and a total mass of 1 Mq, a period of 10 years corresponds to a 
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Figure 2. Histogram of dynamical mass measurements of low-mass stars in 
nearby star forming regions (Taurus, Orion, Ophiuchus, Scorpius-Centaurus, TW 
Hydra) with internal precision measured to better than ~ 10%. The shaded bins in- 
dicate the method of mass measurement: eclipsing spectroscopic binaries (black), 
spatially resolved spectroscopic binaries (dark grey), and Keplerian rotation of cir- 
cumstellar disks and astrometric center of mass motion in visual binaries (light 
grey). Note that the masses in the last c ategory a re dep e ndent on the d istanc e 
to the star. References for eclip s ing SB: iPopped ( 19871). lAlencar et al.l ( 2003 ). 
Covino et al.l (12 004). Stassun et alj (120041). Hrwin et al I (120071). ICargile et ai] ( 2008^. 
Stempels et aT f2008): resolved SB: 'Steffen et al.1 (l2001h . iBoden et al.1 (l2005l)Tdisk 
rotatio n: " Isimon et ah (.2000) . Prato et al.. C2002i) : and astromerv: ISchaefer et al.l 
(l20T0h . 



semi-major axis of 4.6 AU or ~ 33 mas for an edge-on system scaled to the distance 
of the Taurus star forming region (d ~ 140 pc). The dilfraction limit (1.22A/D) of a 
10-meter telescope in the //-band is ~ 40 mas. Therefore, binaries that can be spatially 
resolved through adaptive optics imaging, speckle interferometry, or aperture masking 
using large aperture telescopes in the infrared or with the Hubble Spac e Telescope in 
the op tical have periods measured on the order of decades or longer (e.g. ISchaefer et all 



20061) ■ Clearly, long-baseline optical/infrared interferometry is required to spatially 



resolve the short period spectroscopic binaries in nearby star-forming regions. 

The PMS double-lined spectroscopic binary NTT 045251-1-3016 was spatia lly re- 



solved using the Fine Guidance Sensors on the Hubble Space Telescope by Stelfen et al. 



(120011) . At smaller separations, long-baseline interferometry becomes a critical tool for 
resolving young binary systems. Interferometers measure the fringe contrast or visibil- 
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Figure 3. Example visibility curves of a binary star in the /T-band for interferom- 
eter baselines out to 300 meters. The solid line shows a 4.0 mas binary system with 
a flux of AK =1.0, while the dotted line shows a 2.0 mas binary with a flux ratio of 
AK - 2.0. In both cases the angular diameters of the component stars are unresolved. 



ity of the source. For a binary star, the visibility is a periodic function given by: 



Vi 



bin 



Vf + rV^ + 2/1 Vi 1 1^2 1 cos {2n{uAa + vA/3)) 



(1) 



where (Aa, AJ3) represent the separation of the binary in right ascension and declination, 
(m, v) are the spatial frequencies of the interferometer baseline projected on the sky, / is 
the binar y flux ratio, a nd Vi and V2 are the uniform disk visibilities of the component 
stars (e.g. lBodenlll999h . The spacing between the peaks in the visibility curve gives the 
separation of the binary projected along the interferometer baseline while the minimum 
indicates the flux ratio (see Figure O. Additionally, for interferometers that combine 
the light from three or more telescop es, closure phas es can also be used to determine 
the binary separation and flux ratio (Monniej l2007h . The Keck Interferometer was 
used to spatial ly resolve the orbi ts of three PMS double-lined spect roscopic binaries: 



HP 98800 B dBoden et al.l l2005h. V773 Tau A (IBoden et al 
(ISchaefer et al.ll2008h . 



20071) . and Haro l-14c 



3. Prospects for the Future 



Table \T\ provides a summary of known double-lined and single-lined spectroscopic 
binaries in nearby star forming regions (Taurus-Auriga, Orion, Ophiuchus, Scorpius- 
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Centaurus, Lupus, TW Hydra, NGC 2264). Additional binary candidates, including 



some with longer periods (P > 100 days), are identified in Melo ( 2003h .lGuenther et al.1 



(l2007h .|Prato (2007), and lXobin etaP (I2009I') . In Figure H I use the sample of binaries 
in Tabledto plot the projected semi-major axis in angular units versus the A'-band mag- 
nitude. This plot shows a lack of known PMS spectroscopic binaries at long periods 
(large separations) and faint magnitudes (K > 10 mag). As the sensitivity of long- 
baseline interferometers improve, it will be useful to fill in this region of parameter 
space. In addition to spectroscopic surveys, Gordon et al. discussed at this conference 
the feasibility of an interferometric survey to search for PMS binary stars. 

The horizontal lines in Figure |4] show the angular resolution of 100-300 meter in- 
terferometric baselines operating at the K, H, or /?-bands. Typical limiting magnitudes 
for the CHARA array (30-330 meter baselines) are V ~ 10 mag for tip/tilt guiding and 
K ~ 1 mag for fringe tracking. This is right at the edge of the distribution of PMS 
binaries; a few of the fainter targets might be accessible in favorable seeing conditions. 
With upgrades to improve the tip/tilt system and plans to add full adaptive optics to the 
CHARA telescopes, expected limits ofV ~ 16 mag and ^ ~ 10 mag could bring a large 
portion of the known population within reach of CHARA. Likewise, the current sensi- 
tivity for the Very Large Telescope Interferometer (8-200 meter baselines) is V ~ 13.5 
mag and H ~ 1 mag. The Magdalena Ridge Observatory Interferometer that is un- 
der construction (8-340 meter baselines) is expected to achieve a limiting magnitude of 
H ~ \A mag. With combined efforts to push spectroscopic surveys for longer period 
binaries fainter and with the expected improvements in sensitivity of long-baseline op- 
tical/IR interferometers, we can continue assembling a large sample of low-mass PMS 
stars with precision masses to calibrate the evolutionary tracks. 

Acknowledgments. I would like to thank M. Simon for reading through a draft of 
this paper. 
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Figure 4. Distribution of projected semi-major axes of low-mass PMS spectro- 
scopic binaries in nearby star forming regions. The semi-major axis has been scaled 
by the average distance to the star forming region where the star is located. The 
squares indicate double-lined spectroscopic binaries. Red indicates targets at north- 
ern declinations, blue southern declinations, and black declinations accessible from 
interferometers in both hemispheres. The open diamonds represent a i sin / for single- 
lined spectroscopic binaries. The bottom axis plots the /T-band magnitude while the 
top axis shows a proxy for the V-band magnitude (the individual /T-band magnitude 
of the binary plus the median {V - K) for all stars plotted). The horizontal lines rep- 
resent the angular resolution (^) for different interferometer baseline lengths and 
filter wavelengths (dotted: /T-band, 100 m; dashed: ^-band, 200 m; solid: //-band, 
300 m; dash-dotted: /J-band, 300 m). 
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Table 1. Sample of Spectroscopic Binaries for T Tauri Stars (M < 1.5 Mq) 
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Covino et al. (2001) 
Coyino et al. (2001) 
Torres et al. (2002) 
Nlace et al. (200^ 
Covino et al. (2004) 
Covino et al. (2001) 
Covino et al. (2001) 
Covino et al. (2001) 
Guenther et al. (2007) 
Roseroet al. (2011) ' 
Sacco et al. (2QQ8) 
Sacco et a . (2008) 



Sacco et a . (2008) 



Sacco et al. (2008) 
Sacco et al. (2008) 
Martin et al. (2005) 
^ssun et al. (2004) 
Stempels & Gahm (2004) 
Boden et al. (2007) 
Reipurth et al. (1990) 
Padgett & Stapelfeldt (1994) 



Single-lined Spectroscopic Binaries 



Name 


RA 


DEC 


SpT 


V 


K 


P 


Reference 




(hr) 


(°) 




(mag) 


(mag) 


(days) 




GWOri 


05 


+11 


G5 


9.8 


6.2 


241.9 


Mathieu etal. (1991) 


LkCa3 


04 


+27 


Ml 


12.1 


7.5 


12.9 


Mathieu (1994) 


GSC 06209-00735 


06 


-00 


K2 


11.0 


8.4 


2045.0 


Guenther et al. (2007) 


NTTS 155808-2219 


15 


-22 


M3 


13.7 


8.8 


16.9 


Mathieu (1994) 


NTTS 160814-1857 


16 


-18 


K2 


11.9 


7.7 


144.7 


Mathieu et al. (1989) 


NTTS 162819-2423S 


16 


-24 


G8 


10.6 


6.7 


89.1 


Mathieu et al. (1989) 


RX J1220.6-7539 


12 


-75 


K2 


10.7 


7.9 


613.9 


Guenther et al. (2007) 


S96 


05 


-02 




15.8 


12.1 


3.9 


Sacco et al. (2008) 


VSB 1 1 1 


06 


+09 


G8 


12.4 


10.2 


879.0 


Mathieu (1994) 


VSB 126 


06 


+09 


KO 


13.4 


11.4 


12.9 


Mathieu (1994) 



* Eclipsing spectroscopic binary. 

^ Spatially resolved spectroscopic binaiy. 



